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SUMMARY

Ignition delays and combustion efficiencies were determined for pro-
~e injected into a heated airstream. Spontaneous-ignition delays of
0.C07 to 0.049 second occurred with a single-tube injector at tempera-
tures between 1395° and 1585° F. These results followed the Arrhenius
relation with an apparent activation energy of 43 kilocalories per mole.

d Tiiotypes of flames were observed for multipoint fuel injectors: a
diffusion flame that stabilized at the injector orifices, and an ignition-

I-l stabilized flane that formed a flame front downstream of the fuel injector.
& Combustion efficiencies for the Mffusion flsmes increased with increasing

fuel-air ratio to values of 90 to 100 percent at a fuel-air ratio d about
0.01, with burner lengths 6 inches or longer. Efficiency decreased mark-
edly at burner lengths below 6 inches. Decreasing pressure had only a
small effect on the efficiencies. Air temperature had no effect in the
range investigated. Combustion efficiencies for the ignition-stabilized
flames were below 70 to 80 percent for burner lengths of 18 inches or
less and were strongly dependent an burner length and temperature. Effi-
ciency decreased as burner pressure was lowered.

Air-breathing

INIRODUCTKN

engines operating at hypersonic Mach ntmiberswill have
ccmbustor stagnation temperatures and fuel residence times that are high
enough for spontaneous ignition of the fuel. At temperatures above the
ignition temperature, efficient combustion might be =intained by con-
tinuous self-ignition of the fuel with no flameholder recirculation zone.

Except for some ignition studies (e.g.j ref. 1) little experimental
work has been done with steady-state combustion at inlet temperatures
above 1400° F. ‘I’hepresent investigation was initiated at the NACA Lewis
laboratory to determine the influence of several inlet parameters on the
combustion efficiency of gaseous fuels at air temperatures of 1400° to
1600° F.
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Ignition temperatures and delays were determined for gaseous propane
injected from a single-point fuel injector into a heated airstream. In
additim, multipoint fuel injectors were used to study the combustion ef-
ficiency of propane as a function of J?uel-airratio, temperature, pres-
sure, and burner length. Two types of flames were studied with the multi-
point fuel inJectors: a diffusion flame that stabilized at the injector
orifices and a flame that stabilized by spontaneous ignition smne dis-
tance downstream of the fuel injector.

Q@ition delay and the combustion efficiency of both types of flame
were determined for the following conditions:

Ignition Combustion I

delay efficiency

Wrner length, in. 11 to 25 3 to 18
Air temperature, OF 1395 to 1585 1448 to 1623
Fuel-air ratio ------------ 0.0053 to 0.0176
Fuel-flow rate,
lb/hr 4 ----------------

Pressure, in. Hg 29 17 to 32
Air velocity,

f%~sec 42 to 131 m115

APPARATUS

-1

il

—

8
P
-J

—

Figure 1 shows a schematic diagrsm of the apparatus. The air supply—
and exhaust were connected with the laboratory systems. AirflOW and ex-
haust pressure were regulated by remote-controlvalves. The air was
heated in an electric resistance heater consisting of three 5/8-inch-
diameter Inconel tubes in an insulatedb~.

The test section ccmsisted of a 6-foot-long insulated tube of 3-inch
inside diameter, fabricated from l/8-inch-thick Inconel. Two windows
were provided for observation of the flames. A movable, air-atomized
water spray, shown at the bottom of the test section, was used to quench
the reaction and to vary the canbustor length, which is defined as the
distance fran the fuel injector to the quench spray.

Cmmuercial propane (97.8%) was tsken from a cylinder and was passed
through a fuel injector suspended from the top of the test section. The
fuel injectors are shown in figure 2. The injector used for the
spontaneous-ignitionstudy consisted of a coiled tube with 0.08-inch in-
side diameter, imuersed in the hot airstream. The multipoint injectors

. (concentric-ringand spoke @es) used for the rest of the program were
designed to give an approximate-step concentration profile: a fairly
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.
flat concentration at the core and low fuel concentrations at the wall;
these injectors were positioned about 9 dieme.tersdownstream of the air
inlet.

●

Inlet-air temperatures were measured by a Chrcmel-Alumel thermo-
couple and were corrected for radiation losses with a wall tempemture
measuraent at the same axial position. Fuel temperatures were deter-
mined with Chrcmel-Al.umelthermocou~les positioned as shown in figure 2.
Exhaust temperatures obtained from a six-couple rake located 6 feet down-
stream from the vertical section were averaged and recorded on a strip
chart.

Test-section static pressure was taken at a static tap about 5 inches
upstream of the fuel injector. Air, fuel, and quench water were metered
through calibrated rotameters,

.

M
PROC!EOURE

0;
$ Ignition-Iklay Measurements
l-l
‘*6 Combustor length and

delay z was measured as

where 2 is the distance

air veloci@ were

2
‘c=-U

pre-set, and the i@tion

between the fuel inJector and water quench
spray, and U is the mean velocity of the airstream at the minimum tem-
perature for ignition.

With the heater on, the air temperature was allowed to rise con-
. tinuously. The fuel throttle valve was pre-set, and burner pressure

was adJusted to atmospheric pressure. For each ignition run, the fuel
shutoff valve was opened briefly, and ignition was noted by a sharp rise
in the exhaust temperature. Near ignithn temperature, data were recorded
at 5° to 15° F temperature intervals. The ignition temperature was taken
as the average of the closest ignition and nonignition points.

JKficiency Measuranents

Me fuel flow was adjusted to the desired flow after ignition had
. been established. The quench-water rate was adjusted to give exhaust

temperatures of 900° to 1200° F. Average exhaust t~eratures were con-
tinuously recorded, and data were taken when approxhately steady-state

% conditions were reached.
.

●
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All atmospheric runs were made with the maximum airflow. Runs at *

reduced pressures were made at constant velocity and lowered air mass
flows. A fuel-air ratio of 0.0175 was not exceeded, because the tanper-
ature of the burner wall became excessive.

b

Method of Computing Combustion lHficiency —

Combustion efficiencies were calculated from a h-t balance. Ccm- 1+
bustion efficiency VB is defined as g

Actual enthalpy increase
qB = Ideal enthalpy increase

where the actual increase in enthalpy ~c is given as

where.the enthalpy changes refer to air a, fuel f, and quench water w
from the initial temperature T1 to the exhaust temperature Tz, ~,a

is the entbalpy change of the quench atomizing air, and QL is the heat

loss fran the duct. Since QL amounted to only 3 to 7 percent of the

ideal enthalpy rise and reqwl.redan involved and apprcmimate calculation
for each point, its.value was not included in the efficiency calculations.
The ideal enthalpy rise is the heat of conibustionof the fuel at the ex-
haust temperature.

The
The data
locities

RESULTS

Ignition Delays and Temperatures .

ignition-temperature-delaymeasurements are showm in figure 3.
were taken for combustor lengths of 11 to 25 inches and air ve-
of 42 tcs131 feet per second. Ignition temperatures were inde-

pendent of the values of combustor length and air velocity
calculated according to eqwtion (1).

Fuel-flow rate for the single-point injector was held
about 4 pounds per hour, which resulted in higher fuel-air

when delay was
-.
—

cons-t at
ratios for

the low-velocity runs. Check runs at lower ~uel flows showed no varia-
tion in ignition temperature end indicated no significant effect of fuel-

.

air ratio in the very lean range. For comp5ri.son,four ignition points
are shown for the spoke injectors at l-atmosphere pressure. I@ition
temperatures for the concentric-ring injector were about 100° F lower

-s.

and were always accompanied by Uffusion flames.
,
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. Flame Observations

Table I indicates sane observations of4
of the diffusion flame for fuel injector C,
are shown in figure 4. Progressive blowoff
served as the fuel flow is increased, until
central orifice only.

At air temperatures above the ignition
did not stabilize at the injector, the fuel

the

5

9

flame. T&ae exposures
which was a spoke injector,
from the orifices can be ob-
the flame stabilizes at the

-ralmre, where the flame
burned in the duct at scme

distance downstream from the injector and, in most cases, below the lower
window. The type of flame observed when stabilization occurred near the
lower window probably was not representative, since the flame tended to
stabi~ze in the recirculation region of the window cavity.

Efficiency of Injector-Stabilized Flames

-.“4 Table I gives the combustion effi.clencydata. l?igure5 shows the
effect of fuel-air ratio on ccmhurtion efficiehcy for the injector-
stabilized diffusion flames. The efficiencies increased to values of 90

4 to 100 percent at a fuel-air ratio of about 0.01. Fuel flows were limited
by blowoff’frcm the injector or by excessive wall temperatures (figs.
5(a) and (b)). A variation in air temperature frcm 1448° to 1623° F had
no significemt effect on the efficiencies.

Figures 5(a) and (b) show no appreciable effect of ccmbustor length
on efficiency for lengths of 6 inches and longer. Figure 6 shows the de-
crease in efficiency for injector C!at lengths of less than 6 inches.
Flame was not stabilized at several orifices at this fuel flow.

The effect of pressure on the efficiency of the injector-stabilized
flames is shown in figure 7 at a velocity of approximately 115 feet per
second and a fuel-air ratio of 0.013. Efficiency decreased only slightly
with decreasing pressure. Flames did not stabilize at static pressures
lower than approximately 17 inches of mercury at the temperatures
available.

Efficiency of Ignition-StabilizedFlames

Figure 8 shows the effect of air temperature on combustion effi-
ciency for lengths of 12 and 18 inches. The dashed portion of the curve

.- intersects the axis at the ignition temperature~ Fuel-air =tio, in the
range investigated, did not show an appreciable effect on the efficien-
cies. However, increasing the fuel flow provided additimal cooling of

.J
the airstream surrounding the fuel lead-fi tube and resulted in lowered
efficiencies at constaut heater outlet te~ .erature.
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The effect of press.preon cmbustion efficiency of the ignition-
stabi~zed. flames is shown in figure 9. Since air temperature varied
during these runs, the results are plotted
with the data at 1 atmosphere for the same

DISCUSSION

The data of figure 3 are replotted as

as efficiency hop, cmupared
air temperature (fig. 8).

log ignition delay against
the reciprocal of absolute temperature in figure 10. The data follow
the Arrhenius relation with an apparent activation energy of 43 kllo-
~lories per mole. The ignition delays and activation ener~ compare
favorably with those found by.Mullins for prevaporized kerosene (ref. 2).

>
The apparent anomaly of the lower ignition temperatures for the

concentric-ring injector was investigated by means of high-speed photog-
raphy. Ignition was initiated at several centers in the tiediate wake
of the injects. Residence time in the fuel inJector was long enough
for considerable cracking of the fuel and resulted in carbon formation.
Ignition, in this case, maybe more repre~m~tive of a highly cracked
mixture and thus may be associated with lower ignition temperatures.

Combustion of 12nJector-StabilizedFlames

The mixing process must precede the burning for the diffusion
flames. Since the flames maybe assumed to burn at near stoichiometric
composition, the reaction rates are high and the mixing process will be
rate-controlling.

The drop in efficiencyat lengths of less than 6 inches (fig. 6)
cannot be attributed entirely to quenching 0$ the diffusion flame sincet
for tbls particular fuel flow, the flame was not stabilized at all the
orifices. Fuel from the nonburning jets could pass unreacted through
the quench if flsme did not spread from the burning jets. The spreading
rate of the burning jet measued from the included singleof the flame
Jet photographs, was 206, compared with about 12° for burning free Jets
in references 3 and 4.

That fact that combustion efficiency is relatively independent of
pressure may be e>cted from the independence of the turbulence diffu-
sion coefficient on static pressure.

Blowoff fram the fuel injectors was not investigated quantitatively.
However, the photographs of figure 4 show that blowoff was progressive.
Flame held at higher velocities on the center orifice, probably because
of the higher blockage of the fuel lead-in tube. Flame blowoff appeared

.

,,,.

-T

v
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.
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sensitive to configuration
jector (D), which operated
(0.033-in.~diam. orifices)..

7

and WaS not
up to sonic

camplete for the air-cooled in-
fuel velocity, or for injector C

Combustion of Ignition-Stabilized Flames

At tanperatures or fuel residence times greater than those corre-
sponding to-the ignition temperature, distance for burning becomes avail-
able between the flame front and the quench. The following sketch
illustmtes the case where the flame does not stabilize at the injector:

Fuel—

+ C-”v‘Water
r

+Ignition length- +

Since the over-all mixture is very lean, the combustion rate should
be low, resulting in a fairly long time requirement for efficient com-
bustion, in addition to the ignition delay.

SUMMARY OF REw%cm

The folloting results were observed when gaseous propane-was in-
Jected into an atrstream heated from 1395° to 1623° F.

1. Spontaneous-ignition delays of 0.007 to 0.049 second occurred for
propane injected into the airstream from a single tube. The ignition
delay data follow the Arrhenius relation, with an apparent activation
energy of 43 kilocalories per mole.

2. Two types of flames were observed when injectors with multipoint
orifices were used: (1) diffusion flames that stabilized at the injector
orifices when conditions for ignition were favorable in the wake of the
injector and when fuel flows were low, and (2) ignition-stabilized flames
that formed in the duct some distance downstream of the injector.

.-

3: Combustion efficiency of the diffusion flames increased rapidly

d, with increasing fuel-air ratio to values of 90 to 1~ percent at a fuel-
air ratio of about 0.01.
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4. Air temperature snd length had no noticeable effect on the c

efficiency at burner lengths of 6 inches or more. Combustion efficiency
decreased markedly at lengths of less than 6 inches. .

5. Decreasing the burner pressure to approximately 17 inches of mercu-
ry lowered the combustion efficiency of the diffusion flames only slightly.

6. Combustion efficiency of.the ignition-stabilizedflames was
strongly dependent on temperature and increased rapidly at temperat~es g
higher than those required for ignition. P

4

7. Decreasing the burner length lowered these efficiencies.

8.-As pressure was
flames decreased.

Lewis Flight Propulsion

lowered, efficiency of the ignition-stabilized

Laboratory
Nati~nal Ad-tisoryCommittee for Aeronautics f

Cleveland, Ohio, May 14, 1957

v
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TABIS I. - SUMMARY OF DATA

“-

J

tiel Queneh Nr Fuel Al Fuel Burner Mr ve- cwlbua- Slam olxeervatime
n- 8et- J?lcef,flm, te;par- tempar- Btatia loolty, tlcm ef-
ector tl&g, lb/%r lb/’hra?, a~, py????, fple fyn.,,

A 9 405 2.46 1533 1463 29.W.2 117 10.3
403 5.46 1526

!

8ta illzed at injeotor
1457 29.

1

116 61.3
403 4.25 1516 1452 116 95.3
404 4.80 1507 1451 lls 103.2
403 5..18 1506 1460 116 102.6 Partial blowoff
404 6.06 1518 1450 (Unsteady) 116 lW.3 Intermittent fl.enhingafter blmvor?

12 392 2.42 1.552 1471 29.-.3 114 55.7
387 3.46 1339 1466 29.

1

112 66.7
393 4.26 1527 1465 114 88.5
393 5.24 1538 1470

a1592
114 ---— Blo*off

388 2.05 1s4 114 63.5
391 3.41 1556 1475 114 SO.5
383 4.16 1536 1475 111 93.4
381 4.96 1540 1460 Ill 96.4

18 409 2.19 1473 u13 29.3+0.2 115 53.3 Blame stabilization at injeotorb
408 2.91 1464 1412 26.3 114 65.5
408 3.32 1457 lao

1

82.5
410 4.16 1449

I
98.0

409 5.07 1448

7

7 5.34
E 95.4 I

1460 142Q 113 87.1
6.22

Partial blowoff
1455 1415 109 99.2 ‘Llftedtlflame

7.18 1471 1425 %5 108 81.7 Blowofr,partlell,ystabilized at
lcwer window

D 12 389 2.24 1588 1242 28.9 116 15.6
3s6 3.26 1566 1150 (:yteady) ~

~vlsible
16.2

406 2.32 1579 1260 .9 24.4
390 2.40 1578 1245 117 33.7
394 3.09 1576 1175 .119 27.9

392 2.27 15s6 1256 118 48.0
387 2.46 1587 X245 116 80,6
391 3.15 1586 1180 118 44.2
391 4.06 1569 n25 118 34.8
389 6.05 1576 970 117 89.5 1St llized at Injector

I6.52 1569 944 116 96.5
5.46 1566 1016

1

97.7
4.52 1573 10s2 102.7
4.02 1560 1125 17 90.1
3.48 1591 1170 (UnOteady) 117 93.1

386 2.66 1593 1220 28. 116 96.3
394 2.23 1604 3-280 us 95.5
389 2.21 1623 1.282 119 1 .. . .69.4 m Iblec

18 391 2.32 1526 1215 28.6M.3 114 Inv slble

i

2.66 Mm 1187 1%:
3.33 1527 (:;~$)

E .
I

14.1
30 3.81 1527. 20.3
391 4.70 1526 1020

L

I

19.4

4.20 1537 1065 115 38.0
4.19 1545 1070 115

1000 (&t& 1.16
37.2

5.21 1549 36.5 I
6.14 —-- FlaBhing at lowar window

3 4.2U ;& 10W 28:2+0.3 m YG Invisible

380 4.18 1554 1087 26.2M.3 116 53.6 Invisible
3ss 6.37 1551 935 30.7 115 93.7 Slight rlaehing.,partially

395 4.23 1571
stabilized at lower i?lndow

1083 30.&o.5 111 60.0 Slight flashing vlslble at

356 4.23
lowerwlndcw

1560 1058 27.W.O I.lo 47.2 Sllg&f~;img visible at

315 3.45 1560 11o7 24.7 118 43.1 Invisible

276 3.11 1547 1115 21.9 118 26.6
198 -—- ---- ---- 15.3 --- lio

burni~
3S8 4.09 mm lm.7 26.8 114 n.o v

aElgh fuel temperature probably due to burnlug around tube at thermoample position.
%e.me was not stabilized at all orlflces dvrlng any fuel flow.

%uel dld not reignite and stabilize at injeotor i’ollcwlngbrief fuel shutoff.

.

-—
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TABU I. - COI tde.1. I?2MAsY DNTA... .. ,. ;.
- —

Fluu Observation
-
h?
;empe]

‘w’
G
let-
;ing,
in.

Sulm6r
etatla
premum
in. HS

cmbun-
tlon ef-
fioienq

%
:.;

?3:5

z:;

44.0
, 64.2

1$1:.:

.Ql:o

94.5
91.8
9s?.8
18.s
87.5

W.6
!94.4
7s.4
53.1
.22.2

-82.0
33.8
%6.8

“66.1

“6:::

?52.7

tlOl-
n-
Iaata

B

T

-

me:
rl IX
lb/1

422
421

/
419

419

I

421

I
:9;

334

2=32
260
268

28s
404
404

358

:%

4a5

w

I
402

3LKl”
584
385
584

584
524
565
$63
582
347

272
we

G

1
566
597

I

j96
$9.7
!97
.

!96

L

4.1:
3.of
2.3(

%:

2.3$
3.X

3.67
4.02
4.73

5.46
5.7e
6.11
6.22
6.10

4.56
3.96
5.77
S.64
5.51

5.05
5.25
6.73

4.42

2.64
k.86

i.57

m
5.28
L.lo
3.03
S.85

2.38

2.86
5.43
L.01
1.59

S.07
;.65
;.24
.-—
;.46
L.61
5.67
;.24
$.0J3

x

L.52

,.45
..45
,.52

,.44
,.46
,.U
!.41
!.35

.50

.27

..28

‘.12
!.62
.27

.02

.86
‘.60—

1514
1559
1352
1346
1245

G57
1560

J&&
1640
1554

F
5

15%

g

m%

LE84

1566

1357

1524
L626

L637

E

3

9
3

L&

1556

L546
l-ml
1S3S
1625

15%
L530
L533

1267
1340
13e5
1564
1s16

1412
1362

1350
1314
1275

X235
EM
1.195

tips

E?
1262
1524
?.330
lsw

13e3
2.230
ls68

1267

M15
2.544

2.346

=
1532
1274
L226
11s6

1414

L375
L346
LS14
1267

1270
5240
L21.5
-----
L260
1343
L351
1365
1407

1200

L202

1
:198

.205
!206
.a?
L217

.235
247

.260

.595

.37s

.340

.5Cm
246
193-

29.W.Z
29.3
29.WO.4
29.3
22.34Q.:

29.7

t
26.449.5
26.4

26.5

2:

%:

17.4

H::

26.1

14.0
29.1

21.2

29.5

1
29.!5E0.5
29.5M.7

26.5

22.W.7

El
122

.3.22

123
125

122
122
IZL

Ml

125
us

106
11C2
I.JS
114
115

153
118
118

1.17

120

2.38

m
114

!

1.17

llo

H

110
Z.lo
lU

Ti
11.5

116

x

114

115

1
116

I
117

116
lls
116

118
117
117

Stabilizedat cmter orifice
Invisiblem

I

StsbWzed at all oriflaee
Stabilizedat aenterOriPiae-
“llftednflame vi6iblefrcm othe]

C6nter orlriaeonly

I

Invisible
Stabilizedat oenteroririae-

rlame slightly“lifted”

i
Invisible
Btfb;;~d~ et oenteroririce-

StabiZlzedat centerCmifioe-
blowoff

Invisible
Stabilisedat aenterOriNce -

Wrtedn
Invisible

Invisible2::
26.6
El.3
24.0
ki.1,J
76.0
93.5
W.o
92.0

“&3”
ST-5
?~,9
---
76,7
61,0

2::
.s,0

94.8

84”.6

60.8
66.9
51.3

44.5
45.6
48.6
65.1
74.0

64.4
92.9

67.5

86.4
6f.$
86.7

9s.8
89.9
94.6

I
Stabilizedat centeroririce.
‘lifted”f15EIesat 0ther6

Centerorificecmlg

I
i

St6biliz6dat center orifice
mmOrf
Blowoff
shmtir
Stabilized
Stabilized
mowofr
Stabilhed

Stabilizedat in#eotor- 6me
flames ‘lifted

Stabilizedat in~otor - sw
rh!nm ‘lifted b

FB
15g2
1560
15S4
1565

1526

1632

1537
:540
.64

.64$

.551

q

,568
.573

.364

,610
.613
.608

,606
.602
m..

29.5
26.3
23.5
10.8
U.1

22.5&o.4 >.246

.2246

.243

i

.215

.194

.164
-126
.186

.165

.ZZ5

.250

.162

.162

.202

.235

.23s

.305

?9

i“
6t.abilizedat in eot.ar- mm
flames “lifted4

Stabiuzd at iqeotor - muw
flamee ‘lifted

Stabilizedat all.cmlflces
6tabilizedat all Orifioes --
FI~ frOM au mirices - ‘Iirtd”
rms at 1 to 2 c.riricea

mc+itiffrom sever~ orificeab
WaMlized e OE@V orffim & v----

%amE would not reshbili!zeat InJeatoralter fuel shutdown.
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Figure-2. - F5mpane fuel iqjeotors.
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Figure 3. - Spontaneous-ignitiondelays of propane-air
Pressure} 1 atmosphere.
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NACA TN 4028
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FQure 4. - Propane diffusion flames, in~eclior C. Pressure, 1 atmosphere;

air velocity,115 feet per second;air temperature,150CP F.
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Figure 5. - Effect of fuel-air ratio on combustion
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Figure 5. - Concluded. Effect of fuel-air ratio
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NACA TN 4028

Figure 6. - Effect of combustor len@h on efficiency of
diffusion flames with injector C. 1%-essure,1 atmos-
phere; air velocity, 115 feet per second; fuel-air
ratio, 0.011.

Figure 7. - Effect of pressure on cotiustion efficiency
of diffusion flames with injector B. Air velocity, 115
feet per second; fuel-air ratio, 0.013; combustor length,
12 inches; air temperature, 1515° to 15840 F; fuel tem-
perature, 1221° to 13800 F.
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Figure 8. - Effect of air temperat.preon conibustionefficiencyof ignition-
stabilizedflames with fuel injectorD (air-cooled). Pressure, 1 atmos-
phere; air velocity, 114 feet per second.
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Figure9. - Effectof pressureon combustionefficiencyof
ignition-stabilizedflameswith fuel-injectorD (air-cooled).
Air velocity, 114 feet per second; fuel-air ratio, =0.011.
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Figure 10. - Arr”heniusrelation for ignition delays of propane-
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